Understanding how incipient species are maintained with gene flow is a fundamental question in 32 evolutionary biology. Whole genome sequencing of multiple individuals holds great potential to 33 illustrate patterns of genomic differentiation as well as the associated evolutionary histories. Kentish 34 (Charadrius alexandrinus) and the white-faced (C. dealbatus) plovers, which differ in their phenotype, 35 ecology and behaviour, are two incipient species and parapatrically distributed in East Asia. Previous 36 studies show evidence of genetic diversification with gene flow between the two plovers. Under this 37 scenario, it is of great importance to explore the patterns of divergence at the genomic level and to 38 determine whether specific regions are involved in reproductive isolation and local adaptation. Here 39 we present the first population genomic analysis of the two incipient species based on the de novo 40
Introduction 54
Improved estimation of demographic history makes it possible to better understand population 77 differentiation and speciation mechanisms [e.g. 27]. It allows accurate estimates of gene flow, 78 divergence time, effective population size and population changes in size throughout time. It is also 79 possible to obtain information on which is the most likely demographic history of speciation, such as 80 isolation, isolation with migration, early migration or secondary contact. Using whole-genome 81 approaches also makes it possible to screen for fast evolving regions along genomes that techniques 82 using a small number of genetic markers may miss [e.g. 28]. For example, genomic resequencing in 83 carrion (Corvus corone) and hooded crows (C. cornix) found that distinct differences in phenotype are 84 maintained by variation in less than 1% of the genome [18] . Finally, population genomics has been 85 shown to provide markedly different estimates of effective population sizes compared to the use of a 86 reduced set of molecular markers and thus could better identify species and populations at risk of 87 extinction, or populations with unique genetic structure worthy of conservation effort. Assessing how 88 secondary contact and hybridisation between distinct taxa impacts native populations is of vital 89 importance when considering how to implement effective conservation protocols [29, 30] . 90
Advancements in analysis on the basis of coalescence simulations [31] using unprecedented high-91 throughput genomic data of a single individual [32] or populations hold great potential to reveal 92 inference about demographic histories [33] . 93 Charadrius plovers are model species for investigating breeding system evolution and have been used 94 in numerous studies to better understand mating and parenting behaviours [e.g. 34-39]. Species in 95 the Kentish plover complex (Charadrius alexandrinus; KP) are small shorebirds found breeding on 96 saline lakes and coasts throughout Eurasia and North Africa [40] . A previous study found no genetic 97 differentiation between several Eurasian continental populations of Kentish plover [41] . In East Asia, 98 the subspecies C. a. alexandrinus has a wide breeding range in the temperate zone, whereas the 99 southern subspecies C. a. dealbatus, (known as white-faced plovers; WFP) show distinct phenotypic 100 traits compared to northern populations. They lack the dark eye barring of the KP, and have lighter 101 lower ear coverts, a brighter cinnamon cap and paler plumage with white lores [42] . They also typically 102 have longer wings, beak and tarsus and are more commonly found on sandier substrates, with more 103 active foraging behaviour and a more upright stance [42] . While the KP and WFP share much of the 104 same wintering range, they have largely non-overlapping breeding ranges. WFPs breed exclusively in 105 a restricted coastal range from Fujian to Guangxi, as well as Hainan island in south-east China. KPs nest 106 to the north of this range [43] . Previous work examining mitochondrial DNA and microsatellite markers 107 has shown that although KPs and WFPs are phenotypically well-differentiated [42, 44] , genetically they 108 lack differentiation. More extensive microsatellite genotypes and autosomal nuclear sequences, 109 however, showed KPs and WFPs are distinct and young lineages (diverged around 0.6 mya), and 110 bidirectional gene flow occurred between them [43] . 111
Here, we expand previous works by characterizing demographic histories and genomic landscape of 112 divergence in two closely related plovers. Because the isolation-with-migration model (IM) applied in 113 a previous study assumes gene flow throughout the entire divergence history of the two plover [43] , 114 it was unknown whether gene flow persisted in the early stages of divergence or/and also occurred 115 after the secondary contact. The current work explores these different scenarios of gene flow using 116 based on advanced modelling on historical demography. Further, under the model of speciation-with-117 gene-flow model [10] [11] [12] [13] [14] , it is of importance to investigate the potential heterogeneous genomic 118 landscape of incipient species. In the case of the two study species, It is possible that a small number 119 of genomic regions involved in the phenotypic and ecological differences among them [28, 42] . Hence, 120 we attempted to disentangle the aforementioned questions by applying whole-genome sequencing 121 and assembly of a high-quality de novo reference genome of a female KP. We also re-sequenced whole 122 genomes of 21 unrelated male genomes from five populations of KP and six populations of WFP in 123
China as well as full mitochondrion genomes of four KP and two WFP. 124
125

Materials and Methods 126
Sampling collection 127
A single female KP (heterogametic sex) was collected using mist nets in coastal Xitou, Yangjiang county, 128
Guangdong, China in November 2014. A muscle sample was taken from this individual, stored in 129
RNALater (QIAGEN, USA) and transported to the sequencing centre for de novo whole genome 130 sequencing (BGI-Shenzhen). In addition, twenty male KP and WFP were collected from breeding 131 colonies at 11 sites for whole genome resequencing ( Figure 1 genomes represent the major orders in the core waterbird radiation in the avian tree of life [60] . We 187 chose the longest isoform to represent each gene and employed BLASTP to identify potential 188 homologous genes using E-value<1e-10. The raw Blast results were refined using solar (an in-house 189 software) by which the high-scoring segment pairs (HSPs) were conjoined. Similarity between protein 190 sequences were evaluated using bit-score, followed by clustering algorithm in the Treefam pipeline 191 [61] . 192
Phylogenetic tree construction and divergence time estimate 193
The protein sequences of one-to-one orthologous genes were aligned using MUSCLE [62] Based on the phylogenetic tree, branch-specific synonymous substitution rate was estimated for KP. 
Read mapping and SNPs calling 208
After quality control, the reads were mapped to the KP genome using BWA and reads having a mean 209 of approximately 5x depth for each individual and >90% coverage of the KP genome were retained for 210 SNP calling. We used GATK v 3.5 [65] program to call SNPs. SNPs were filtered using VCFtools [66] and 211 GATK by following criteria: 1) missing rate <=0.10; 2) allele frequency >0.05; 3) each 10 bp <=3 SNPs. 212
Mitochondrion genome analysis 213
To infer evolutionary history from mitochondrial DNA (mtDNA), we conducted mitochondrion genome 214 sequencing. Six blood samples were selected, including four KP from four sites (1. Xinbei, Taiwan; 2. 215 Weihai, Shandong; 3. Qinghai Lake, Qinghai; 4. Zhoushan, Zhejiang) and two WFP from two sites (5. 216 Dongfang, Hainan; 6. Minjiang Estuary Fuzhou, Fujian). Gross genomic DNA was extracted by TIANamp 217
Blood Genomic DNA Extraction Kit (TIANGEN, China), following the standard extraction protocol. from two sites, respectively. We mapped the clean reads to the mitochondrial genome of the pied 223 avocet, Recurvirostra avosetta (GenBank Accession Number: KP757766), using "Map to Reference" 224 tool in Geneious R8 (Biomatters, Auckland, New Zealand) with a medium-low sensitivity and ran 5 225 iterations. Consensus sequences were saved using a 75% masking threshold, and sites that received 226 insufficient coverage (<5x) were coded using the IUPAC ambiguity symbol N. demographic dynamics between about 10Ka to 10 Ma. The parameters were set as: "N30 -t5 -r5 -p 244 4+30*2+4+6+10", following Nadachowska-Brzyska et al. [72] . Generation time was set to 2.5 years. 245
The estimated synonymous substitution rate was used as mutation rate, which was 8.11×10
10 per base 246 pair per year. 100 bootstraps were performed for each analysis. In addition, we carried out a model-247 based method using an Approximate Bayesian Computational (ABC) approach to infer the divergence 248 history between the two plovers. To achieve this, we first defined four basic demographic models, Table 17 . We used 256 msABC [73] to perform coalescent simulations for these eight models. To obtain the observed data 257 and priors for simulation, 10kbp length loci were randomly chosen from scaffolds with coverage over 258 80%. The distance between each two loci was higher than 500 Kb to reduce the effect of linkage [27] . 259
Loci with missing data of over 40% in any individual, or over 30% on average, were excluded.
FST, 260
Tajima's D [74] , and LD r 2 were calculated for each locus with VCFtools 0.1.14. Loci with FST higher than 261 0.159 or Tajima's D >1 or <0 were excluded. 143 10-kbp loci with 14,087 SNPs were left for analysis. 262 1,000,000 simulations were executed for each model. R package "abc" [75] was used to choose the 263 model which best fitted the observed data with a tolerance of 0.005. Model selection was performed 264 using a multinomial logistic regression method, first in group A and B separately, and then between 265 groups by using two models with highest likelihood in each group. 5,000,000 simulations were used 266 for the best fitted model to estimate population parameters. We used the neural network method 267 with the Epanechnikov kernel to calculate the posterior densities [76] . The number of neural networks 268 was 50. All parameters were log-transformed and medians were used as the as the point estimates. 269
Detecting and annotating genomic region under selection 270
In order to better understand the divergence patterns between the two plover species, genetic 271 parameters π, Tajima's D, FST and Df (fixed differences) were calculated in 50 kb blocks with VCFtools 272 0.1.14. Blocks with a length shorter than 25kbp were excluded. 273
In order to map the KP genome scaffolds onto chromosome coordinates, we downloaded the chicken 274 (Gallus gallus) genome from NCBI database (GCF_000002315.4) and computed its alignment with the 275 KP reference genome using Satsuma version 3. with biological processes and cellular components. GO categories with fewer than 50 genes were 292 grouped into a single "small" category. Genes with no GO annotation were assigned to an 293 "uncharacterised" category. 294
Gene ontology enrichment analyses 295
Genes were assigned to either autosomes or the Z chromosome, with genes of unknown location 296 excluded from GO enrichment analysis. GO analyses were performed to evaluate if any GO category was over represented in the set of genes of 309 interest compared to equally sized samples of genes drawn randomly. The expected number of genes 310 annotated to each GO was calculated using 1000 equally sized random families. Significance was 311 established using Z-scores and a Benjamini-Hochberg correction was applied to adjust for multiple 312 comparisons. GO categories were significantly enriched if the adjusted p value was < 0.05. Results were 313 filtered to remove any category with an expected number of genes per category of < 1 and an observed 314 number of GOs of 1. This analysis was performed using R v.3.3.2. 315 316
Results
317
De novo sequencing the Kentish plover genome 318
Muscle samples from a heterogametic sex female Kentish plover were collected from a wintering 319 population in Guangdong, China (Figure 1 ). Short read DNA sequencing (125bp) was carried out using 320 the Illumina platform (see Supplementary Figure 1 Table 2 ). This approximates the genome size estimated using K-mer frequency method 324 (Supplementary Table 3 and Supplementary Figure 2) . The GC content versus depth is gathered into a 325
cluster showing the genome sequence is pure and has no pollution from other species (Supplementary 326 Figure 3 . 327
The contig and scaffold N50 sizes are 38.9 and 3220.7kbp, respectively, with the largest scaffold 328 spanning 15291.1kbp (Supplementary Table 4) . Although the number of scaffolds for the Kentish 329 plover is considerably higher than that of the chicken or the zebra finch genomes, the estimated 330 genome size for the Kentish plover (1,245,524,081bp, ~1.25 Gb) is comparable to the sequenced 331 genomes of these two species (Supplementary Table 5 ). Whole genome alignment reveals that, as 332 expected, a higher proportion of the zebra finch and KP genomes can be aligned against each other 333 than either of them can to the more distantly related chicken with over 900Mbp that can be aligned 334 between the two species (Supplementary Table 6 ). The BUSCO assessment results indicate that the KP 335 genome assembly has high completeness (C: 94%) (Supplementary Figure 4) . 336
Within the genome sequence of the KP, fewer than 4% of the bases were N bases (Supplementary 337 Table 7 ). We estimate that repetitive sequences compose about 10% of the genome (Supplementary  338   Table 8 ) with LINE transposons being the most common, making up about 8% of the genome. LTR 339 transposons are the second most common repetitive sequences in the Kentish plover genome with 340 2.22% occupancy, with other DNA and LINE transposable elements occupying less than one per cent 341 of the genome (Supplementary Table 9 ). Annotation of non-protein coding RNA genes revealed around 342 200 copies each (Supplementary Table 10 ). Based on the number of RNA genes identified in heavily 344 annotated genomes such as human and mouse, it is likely more will be found in the future as non-345 coding gene annotation tools improve further. 346
Initially, annotation of protein coding genes identified 8,893 genes. Further annotation based on 347 homologous sequence alignment against the chicken, the zebra finch and the turkey aided to identify 348 a final set of 15,677 genes in the Kentish plover genome (Supplementary Table 11 Table 15 ). After filtering, a total of 11,959,725 high quality SNPs were retained. KP and 375 WFP were found to cluster into two distinct groups based on Admixture analysis (Figure 3a) . For the 376 high depth sequencing WFP, its genome assembly quality was high enough to be used for the PSMC 377 analysis. 378
In addition, we obtained 15,613 bp of the complete mitochondrial genome for Kentish and white-faced 379 plovers, except for the D-loop region, which had poor assembly quality. In the phylogenetic analysis, 380 topologies between Bayesian and ML tree were consistent (Figure 3b Demographic analyses allowed us to estimate several demographic parameter estimates, including 396 divergence times, effective population sizes and migration rate per generation ( Table 1 ). The two 397 plover populations are estimated to have diverged approximately 606 000 years ago (95% CI, 277 000 398 ~974 000 years). The effective population size of KP is estimated to be around 2.6 times than that of 399 WFP (median NeK = 296,800 and median NeW = 114,500). The most recent common ancestor is believed 400
to have an effective population size, NeA, which is about 10-15 times greater than both modern species. We have utilised methods of mitochondria and nuclear whole genome de novo sequencing to shed 437 unprecedented insight into the evolution and demographic histories of two small plover species. show that KPs and WFPs have low levels of differentiation on average at the genomic level, with 441 moderate to high differentiation in some regions. Our divergence time estimates suggest that Kentish 442 and white-faced plovers diverged relatively recently, less than 0.61 million years ago. 443
Using genome wide data, we were able to model the demographic histories of the two plovers. By 444 using more complex demographic models it was possible to model demographic histories more 445 comprehensibly than would be possible using traditional population genetics techniques. ABC analysis 446 estimates the divergence time to be about 606,000 years ago during the Pleistocene. Estimates of 447
Ancestral Ne suggests that the most recent common ancestor had a much higher Ne (721,500) than 448 either modern species. Current Ne estimates for KP (296,800) were about 2.5 times that that of WFP 449 (114,500). Ne, can be important as an estimate of the health of a population in terms of conservation 450 biology. This can be particularly valuable for species where census data is lacking, such as with the WFP 451 which has no census data available from the IUCN Red List, although the relationship between Ne and 452 census N can be difficult to interpret. We report levels of gene flow with more than five individuals introgressing between the two species 482 per generation. It is expected that very few individuals are needed to exchange genes between 483 populations to break down differentiation produced by genetic drift [89, 90] . This suggests that some 484 form of selection is acting on these two species to maintain this divergence within the populations. 485
Further study of these species at the hybrid zone would help elucidate which selective forces might be 486 maintaining these differences. 487
Despite secondary gene flow, we detected highly differentiated genomic regions that may contribute 488 to species divergence [18, 22, [91] [92] [93] . We used a window based approach to perform whole genome 489 scans and calculate various population statistics, including FST, p and Tajima's D, to detect areas of high 490 divergence and selection. We found that average FST across genome was 0.046. This is slightly higher 491 than levels found between carrion and hooded crows, another taxonomically debated pair of species 492
[18]. It has been suggested that areas of peak divergence contain genes involved in reproductive 493 isolation and that these areas can contain genes responsible for differences in phenotype [18] [19] [20] [21] [22] . 494
Higher levels of FST and Tajima's D in KP were found in the PPP3CB gene, part of the oocyte meiosis 495 KEGG pathway and could therefore be important for promoting genetic incompatibility in females. 496
Hybrid incompatibility often the heterogametic sex due to Haldane's Rule [94] , which often means in 497 birds that hybrid females are sterile and fertile males allow gene flow to occur between species [95] . 498
The Z chromosome had higher levels of block-average and peak divergence, 0.089 and 0.741 499 respectively. This pattern is consistent with results from previous studies [18, e.g. 22]. Mean 500 divergence levels of sex chromosomes are often higher than on the autosomes. This could be caused 501 by the lower Ne of the Z chromosome compared with the autosomes, which can result in faster lineage 502 sorting and higher FST [9] . There is often an overabundance of highly differentiated loci on the sex 503 chromosomes [1] . In light of this pattern, Cruickshank and Hahn [96] proposed that speciation is not 504 necessarily the sole force contributing to divergence in genomic regions. Population bottlenecks, i.e. 505 in WFP (Figure 2c) , and divergence in regions of low Ne, i.e. Z chromosome, can also contribute to 506 heterogeneity of genomic differentiation [9] . 507
This study also provides a greater understanding about the demographic histories of two shorebird 508 species, especially linking their current population status with evolutionary context [29, 30, 97] . 509
Although KP have a large census population size and are widely distributed throughout Eurasia and 510
North Africa, there is evidence that populations are in decline in East Asia. The decline in Chinese 511 plovers could, at least in part, be due to a reduction in suitable breeding and feeding locations along 512 the Chinese coast due to land reclamation and development [98] . Extremely low nest survival in 513
Kentish plovers from Bohai Bay has been reported and linked to anthropogenic disturbance [99] . This 514 work also emphasises the lower effective population size of WFP when compare to KP, which has 515 resulted from population declines since the LGM (Figure 2c) . Thus, increased effort to monitor 516 population trends for this species is warranted in order to accurately assess any potential threats to 517 this species and for conservation status evaluation for the IUCN. 518
In conclusion, we produced the first high quality genome of the KP and performed whole genome 519 resequencing of two plover species relatively early in their divergence. We found multiple pieces of 520 evidence to support that the WFP and KP are distinct lineages with complex demographic histories. 521
We found evidence for gene flow between these two species due to secondary contact. Our results 522 further reveal a heterogeneous pattern of genomic differentiation with elevated divergence in the Z 523 chromosome. This suggests that some form of selection is working to maintain genetic and phenotypic 524 differences between the two species. Overall, this study provides new insights into the genomic 525 patterns between a species pair at an early stage of speciation. Further analyses of populations at the 526 hybrid zone would increase our understanding of the specific selective forces maintaining this 527 were based on Ne changes in PSMC. Judged from PSMC, the divergence time was not early than the 784 beginning of population declines 1 million years ago. To simplify the models, population size shifts 785 and changes of gene flow were set to the same time point (T1). Prior ranges are available in Table  786 S17. 787 
